Tick-borne encephalitis (TBE) is a zoonotic disease causing meningitis, encephalitis, and meningoencephalitis. Tick-borne encephalitis virus (TBEV) is an etiological agent of TBE. From an analysis of five distinct sequences of Japanese TBEV, it has been proposed that Japanese TBEV was transmitted from Russia to Japan on just a single occasion 260-430 years ago. Here thirteen distinct nucleotide sequences encoding the entire region of the envelope protein for Japanese TBEV were analyzed. It is shown, from the phylogenetic analysis, that Japanese TBEV belongs to the Far Eastern subtype, which is known to be highly pathogenic. Japanese TBEV was divided into three groups, and TBEV was inferred to have been transmitted between Japan and Russia at least three times, which were estimated to have occurred several hundred years ago. These results indicate that TBEV has not only been endemic but also transmitted multiple times to Japan.
INTRODUCTION
Tick-borne encephalitis (TBE), which was first recognized in 1931 (Schneider, 1931) , is a zoonotic disease causing meningitis, encephalitis, and meningoencephalitis. TBE is endemic to the geographical areas ranging from Europe through Siberia to the Far East, and has been called Central European encephalitis (CEE) in Europe and Russian spring-summer encephalitis (RSSE) in the Far East.
Tick-borne encephalitis virus (TBEV), which was first isolated in 1937 (Zilber and Soloviev, 1946) , is an etiological agent of TBE. TBEV is a member of the genus Flavivirus in the family Flaviviridae. The virion of TBEV is about 50 nm in diameter and enveloped. The genome of TBEV is a non-segmented, single-stranded, and positive-sense RNA of about 11,000 nucleotides (nt), which consists of a 5'-untranslated region (UTR) (about 130 nt), a 3'-UTR (400-700 nt), and an open reading frame encoding a polyprotein of about 3400 amino acids (aa). The polyprotein is co-and post-translationally cleaved into capsid (C, 112 aa), membrane precursor (prM, 168 aa) (prM is further processed into membrane [M, 75 aa] ), envelope (E, 496 aa), non-structural 1 (NS1, 352 aa), NS2A (230 aa), NS2B (131 aa), NS3 (621 aa), NS4A (149 aa), NS4B (252 aa), and NS5 (903 aa) proteins by cellular and viral proteases (Mandl et al., 1989) .
From a phylogenetic analysis, TBEV has been classified into three subtypes; the European subtype, which causes CEE, the Far Eastern subtype, which causes RSSE, and the Siberian subtype (Ecker et al., 1999) . The Far Eastern and Siberian subtypes are more closely related to each other than to the European one (Grard et al., 2007) . Rodents are reservoirs of TBEV. A tick species, Ixodes ricinus, which is distributed across Europe and the Middle East, is the main vector for the European subtype, and I. persulcatus, which is distributed from Eastern Europe to Japan, is the main vector for the Far Eastern and Siberian ones. TBEV is transferred between ticks by co-feeding, where infected and non-infected ticks feed simultaneously in close proximity on the same individual rodent and TBEV replicated at the skin around the former tick is transferred to the latter tick through migratory cells (Labuda et al., 1993) . The life cycle of ticks is 2-5 years, during which they feed only three times and the infectivity and virus titre of TBEV is maintained at a low level. Humans are infected by TBEV through a bite of an infected tick or the consumption of infected goat's milk. Annually, about 3000 people in Europe and about 11,000 people in Russia are infected with TBEV (Gritsun et al., 2003) . The case fatality rate is 1-2% for the patients infected with the European and Siberian subtypes of TBEV and about 30% for those infected with the Edited by Norihiro Okada * Corresponding author. E-mail: yossuzuk@lab.nig.ac.jp Far Eastern one (Ecker et al., 1999) . Purified, concentrated, and formaldehyde-inactivated whole virion vaccines are available for prophylaxis against TBEV, although they are not licensed in Japan (Barrett et al., 2004) .
In Japan, TBEV was first isolated in 1993 (Takashima et al., 1997) . From a phylogenetic analysis including five distinct sequences of Japanese TBEV, it was found that Japanese TBEV made a single cluster, which was closest to the Far Eastern subtype (Hayasaka et al., 1999) . The rate of synonymous substitution was estimated to be (2.9-4.9) × 10 -4 per site per year (Hayasaka et al., 1999; Jenkins et al., 2002; Hanada et al., 2004) . From these observations, it has been proposed that Japanese TBEV belonged to the Far Eastern subtype and was transmitted from Russia to Japan on just a single occasion, which was estimated to have occurred 260-430 years ago (Hayasaka et al., 1999) . The divergence time of the Far Eastern and Siberian subtypes was also estimated to be 1700-2100 years ago. The purpose of the present study was to conduct a phylogenetic analysis of TBEV to better understand the origin and evolution of Japanese TBEV. For this purpose, it is important to use as many Japanese TBEV as possible in the phylogenetic analysis. In the present study, the analysis was conducted using all sequences of Japanese TBEV available in the International Nucleotide Sequence Database (INSD).
MATERIALS AND METHODS
Sequence data Thirteen distinct nucleotide sequences of Japanese TBEV, five of which (Oshima 3-6, Oshima 5-10, Oshima A-1, Oshima C-1, and Oshima I-1) have been analyzed in a previous study (Hayasaka et al., 1999) , were retrieved from the INSD (DNA Data Bank of Japan release 69). These sequences encoded the entire region of the E protein (1488 nt). The year of isolation for the viral strain was available for all of these sequences. To conduct a phylogenetic analysis of Japanese TBEV, sequences of the Far Eastern subtype were retrieved from the INSD, because Japanese TBEV was likely to belong to the Far Eastern subtype. Sequences of the Siberian subtype were also retrieved to be used as an outgroup. Only those sequences of the Far Eastern and Siberian subtypes for which the year of isolation for the viral strain was known were used for the analysis so that the evolutionary rate and divergence times could be estimated. The 31 sequences analyzed in the present study are listed in Table 1 .
Data analysis
Multiple alignment of the 31 sequences of Japanese TBEV and the Far Eastern and Siberian subtypes encoding the entire region of the E protein was made using the computer program CLUSTAL W (version 1.83) (Thompson et al., 1994) and contained no gaps. The phylogenetic tree for these sequences was constructed by the neighbor-joining (NJ) method (Saitou and Nei, 1987) with the p distance using all nucleotide sites (1488 nt). The p distance is known to be useful for constructing reliable phylogenetic trees when large numbers of closely related sequences are analyzed (Nei and Kumar, 2000; Takahashi and Nei, 2000) . However, the oneparameter (Jukes and Cantor, 1969) , two-parameter (Kimura, 1980) , and TrN (Tamura and Nei, 1993 ) models were also used for estimating the evolutionary distances. When the pattern of nucleotide substitution for the entire coding region was examined by MODELTEST (Posada and Crandall, 1998) , the symmetrical (SYM) model (Zharkikh, 1994) with Γ distribution for the rate heterogeneity among sites (Γ shape parameter [α] = 0.26) and the general time reversible (GTR) model (Rodriguez et al., 1990) with Γ distribution and invariable sites were found to be the fittest to the data using the hierarchical likelihood-ratio test (hLRT) and the Akaike information criterion (AIC) (Akaike, 1974) , respectively. Therefore, the TrN model with Γ distribution (α = 0.26) was also used for estimating the evolutionary distances. Credibility for each interior branch of the phylogenetic tree was assessed by the bootstrap method with 1000 resamplings (Felsenstein, 1985) . MEGA (version 3.1) (Kumar et al., 2004) was used for conducting these analyses.
The evolutionary rate of TBEV and the times at the interior nodes of the phylogenetic tree were estimated by using the molecular clock. Since the molecular clock usually holds for synonymous substitution (Nei and Kumar, 2000) , the four-fold degenerate sites (229 sites) were extracted from the multiple alignment. The rate and the times were estimated simultaneously by the maximum likelihood (ML) method using TIPDATE (Rambaut, 2000) , which is implemented in PAML (version 3.15) (Yang, 1997) . The HKY (Hasegawa et al., 1985) model was assumed as the pattern of nucleotide substitution. To test whether the molecular clock held, the loglikelihood (lnL) value was computed under the assumption of molecular clock or rate heterogeneity among branches. The null hypothesis of the molecular clock was tested by the LRT under the assumption that twice the difference in the lnL value (2ΔlnL) followed a χ 2 distribution with a degree of freedom of 28
. In addition, to test whether the evolutionary rate was constant among sites, the lnL value was computed under the assumption that the rate was constant or followed a Γ distribution among sites. The null hypothesis of rate constancy among sites was tested by the LRT under the assumption that 2ΔlnL followed .
RESULTS
The phylogenetic tree constructed by the NJ method with the p distance for the 31 sequences of Japanese TBEV and the Far Eastern and Siberian subtypes is shown in Fig. 1 . All of Japanese TBEV belonged to the Far Eastern subtype. Interestingly, Japanese TBEV was divided into three groups; Oshima 3-6, Oshima 5-10, Oshima A-1, Oshima C-1, Oshima I-1, Kik629/97, Miz416/ 97, Miz660/97, Oh696/97, and Oh701/97 made a single cluster, Kam586/97 and Kam588/97 made a single cluster, and Kita987/99 made a cluster with Russian (and Latvian) TBEV. All of these clusters were supported with 100% bootstrap probability. The same topology was obtained when the one-parameter, two-parameter, and TrN models were used instead of the p distance, except that the positions of KH98-2 and KH99-m2, which were associated with a small bootstrap probability (43%), were exchanged. According to the parsimony principle, the topology indicated that TBEV was transmitted between Japan and Russia at least three times, with five equally parsimonious scenarios; (1) the ancestor of the Far Eastern subtype existed in Russia, and TBEV was trans- mitted from Russia to Japan at the interior nodes labeled as B, C, and E in Fig. 1, ( 2) the ancestor existed in Russia, and TBEV was transmitted from Russia to Japan at A, and from Japan to Russia at D and E, (3) the ancestor existed in Russia, and TBEV was transmitted from Russia to Japan at A, from Japan to Russia at C, and from Russia to Japan at E, (4) the ancestor existed in Japan, and TBEV was transmitted from Japan to Russia at A, D, and E, and (5) the ancestor existed in Japan, and TBEV was transmitted from Japan to Russia at A and C, and from Russia to Japan at E.
Although it is difficult to decide which of the five possible scenarios is the most likely, it is interesting to estimate the times at interior nodes A, B, C, D, and E and the divergence of the Far Eastern and Siberian subtypes. The rate of synonymous substitution and divergence Table 2 . Rate of synonymous substitution and divergence times estimated using the phylogenetic tree in Fig. 1 Model times estimated by using the HKY model with the phylogenetic tree in Fig. 1 are summarized in Table  2 . When the rate was assumed to be constant among sites, lnL = -1658.19 and lnL = -1640.23 under the assumption of molecular clock or rate heterogeneity among branches, respectively, and the molecular clock was not rejected (2ΔlnL = 35.92; p = 0.14). Similarly, when the rate was assumed to follow a Γ distribution among sites, lnL = -1647.01 and lnL = -1628.59 under the assumption of molecular clock or rate heterogeneity among branches, respectively, and the molecular clock was not rejected (2ΔlnL = 36.83; p = 0.12). In contrast, rate constancy among sites was rejected under the assumptions of both molecular clock (2ΔlnL = 22.37; p = 2.25 × 10 -6
) and rate heterogeneity among branches (2ΔlnL = 23.28; p = 1.40 × 10 -6 ).
These results indicate that the rate of synonymous substitution and divergence times can be reliably estimated under the assumptions that the molecular clock holds and the rate follows a Γ distribution among sites. Under these assumptions, the average rate of synonymous substitution was estimated to be 1.62 × 10 -4 per site per year (Table 2) respectively. However, caution should be exercised with these estimates, because the variances were relatively large. It should be noted that, when the pattern of nucleotide substitution for the four-fold degenerate sites was examined, the TrN model with Γ distribution and equal base frequencies and the SYM model with Γ distribution were found to be the fittest to the data using the hLRT and the AIC, respectively. However, similar results were obtained when the TrN and GTR (which contained the SYM model) models were used instead of the HKY model (Table 2) . Similar results were also obtained under the assumption that the positions of KH98-2 and KH99-m9 were exchanged in the phylogenetic tree in Fig.  1 ( Table 3 ). The topology of the phylogenetic tree constructed by the NJ method using the TrN model with Γ distribution (α = 0.26) (Fig. 2) was slightly different from that in Fig. 1 , suggesting slightly different scenarios for the transmissions of TBEV between Japan and Russia. However, Japanese TBEV was divided into the same three groups and TBEV was inferred to have been transmitted between Japan and Russia for a similar number of times (at least three) as in Fig. 1 . The estimates of the rate of synonymous substitution and divergence times (Table 4) were also similar to those in Tables 2 and 3 . 
DISCUSSION
In a previous study, Japanese TBEV was classified into only one group, and was inferred to be transmitted from Russia to Japan on just a single occasion, which was estimated to have occurred 260-430 years ago (Hayasaka et al., 1999) . These results were obtained by analyzing only five distinct sequences of Japanese TBEV (Oshima 3-6, Oshima 5-10, Oshima A-1, Oshima C-1, and Oshima I-1). However, in the present study, Japanese TBEV was divided into three groups, among which the one consisting of Oshima 3-6, Oshima 5-10, Oshima A-1, Oshima C-1, Oshima I-1, Kik629/97, Miz416/97, Miz660/97, Oh696/97, and Oh701/97 corresponded to the previous group. TBEV was inferred to have been transmitted between Japan and Russia at least three times and to have been endemic to Japan for at least 700 years. These results were obtained by increasing the number of distinct sequences of Japanese TBEV in the analysis to thirteen.
In the present study, the rate of synonymous substitution for the E gene of TBEV was estimated to be 1.62 × 10 -4 per site per year, which was similar to those ([2.9-4.9] × 10 -4 per site per year) obtained in previous studies (Hayasaka et al., 1999; Jenkins et al., 2002; Hanada et al., 2004) . These rates are smaller than those for other RNA viruses, such as human immunodeficiency virus type 1 and influenza A virus, which are of the order of 10 -3 per site per year (Jenkins et al., 2002; Hanada et al., 2004) . This is considered to be because TBEV mainly replicates in ticks, where the infectivity and virus titre are maintained at a low level, so that the rate of replication for TBEV is smaller than for other RNA viruses (Zanotto et al., 1995) . The time at interior node C was estimated to be 260-430 years ago in a previous study (Hayasaka et al., 1999) . In addition, the divergence time of the Far Eastern and Siberian subtypes was estimated to be 1700-2100 years ago. These results have been obtained under the assumption of rate constancy among sites. Indeed, similar results were obtained under the same assumption in the present study; the time at C was estimated to be about 500 years ago, and the divergence time of the Far Eastern and Siberian subtypes about 2150 years ago. However, rate constancy among sites was rejected in the present study. When rate constancy among sites is assumed under the condition that this assumption is actually violated, the lengths of deep branches of the phylogenetic tree are usually underestimated (Nei and Kumar, 2000; Suzuki and Nei, 2002) . Since the rate is estimated essentially by using the difference in the positions of exterior nodes, which are associated with shallow branches of the phylogenetic tree, it may not be greatly affected by a violation of the assumption. In fact, the rate was estimated to be 1.62 × 10 -4 and 1.72 × 10 -4 per site per year when the rate was assumed to be constant or to follow a Γ distribution among sites, respectively. However, since interior node C and the divergence of the Far Eastern and Siberian subtypes are associated with deep branches, the times obtained above may be underestimates. Indeed, when the rate was assumed to follow a Γ distribution among sites, the time at C was estimated to be about 550 years ago, and the divergence time of the Far Eastern and Siberian subtypes about 2800 years ago, which were older than previous estimates. It should be noted that the variances for the estimates of evolutionary rate and divergence times obtained in the present study were relatively large. However, similar estimates were obtained under the assumptions of different models and alternative phylogenetic trees. In addition, the estimates obtained in the present study were largely consistent with those obtained in previous studies (Hayasaka et al., 1999; Jenkins et al., 2002; Hanada et al., 2004) , as indicated above. These observations suggest that the estimates obtained in the present study are more or less reliable.
Although it is difficult to decide which of the five possible scenarios for the transmissions of TBEV between Japan and Russia is the most likely, they all appear to have taken place several hundred years ago. Since the Japanese archipelago separated from the Eurasian continent at least 20,000,000 years ago, it is likely that TBEV was transmitted between Japan and Russia across the sea. Since both Japan and Far East Russia are covered by the East Asian-Australian flyway of migratory birds, it is possible that migratory birds have transported infected ticks. In fact, I. persulcatus has been detected on migratory birds in Japan (Miyamoto et al., 1993) .
In conclusion, Japanese TBEV belongs to the Far Eastern subtype, which is known to be highly pathogenic. Japanese TBEV was divided into three groups, and TBEV was inferred to have been transmitted between Japan and Russia at least three times, which were estimated to have occurred several hundred years ago. These results indicate that TBEV has not only been endemic but also transmitted multiple times to Japan.
